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I. INTRODUCTION Taylor, 1 in his seminal paper, demonstrated the beneficial effects of fluid-structure interaction (FSI) in reducing impulse transmission to a structure as a result of explosion induced shock wave loads. Taylor's theory, considered as a basis for design of air and/or underwater structures subjected to explosion induced shock wave loads, is based on assumptions of acoustic medium (which is typically valid for low blast intensities and/or cases in which the explosion occurs far away from the structure 2 ) and rigid plate with constant back-pressure. Kambouchev et al. [2] [3] [4] in a series of papers introduced compressibility of the medium for air-blast loading and demonstrated that the main effect of nonlinear compressibility is to further enhance the mitigation of transmitted impulse provided by fluid-structure-interaction effects.
The assumption of constant atmospheric pressure at the back of the rigid plate by Taylor was removed 5 in the context of underwater explosions in which varying pressure at the back of the rigid plate was considered. Liu and Young 5 concluded that consideration of varying pressure at the rigid plate back when impinged upon by an exponential shock resulted in enhancement to the mitigation of transmitted impulse provided by the fluid-structure-interaction effects. However, similar to Taylor's assumption, the study by Liu and Young 5 considers only acoustic medium both for front and back of the plate; the consideration of nonlinear compressibility effects has not been dealt within the study.
The assumption of constant pressure backing by Kambouchev et al. 2 in the context of air-blast loading was removed by consideration of varying pressure at the back of the plate 6 caused by the formation of shock waves as a result of receding movement of the plate thereby further reducing impulse transmission for light plates.
Nonlinear compressibility effects in water should be considered for high speed water jets with particle velocities in range of around 1 km=s. 7 Typically, the particle velocity in an underwater blast loading due to TNT (Trinitrotoluene) or RDX (Research Department Explosive) explosives is in the range of 3À7 km=s. 8 Thereby, the consideration for nonlinear compressibility of water is important for non-contact near-field shock loading situation of a structure due to underwater explosion as well as for high blast intensities. However, it should be noted that the theories developed 2, 6 considering nonlinear compressibility of the medium for airblast loading cannot be directly applied for underwater blast simulations since there exists significant differences between air and water medium 9 with regards to their molecular structure, nature of forces between the molecules and their mechanisms to resist deformation.
The equation of state (EOS), required for modeling of the medium, relates pressure to density and internal energy. The EOS depends on pressure contributions due to lattice configurations, thermal vibration of ions, and conduction electron thermal excitations. Typically, pressure due to conduction electron thermal excitations is neglected since these are valid for pressure ranges more than 100 Gpa and temperatures more than 1000 K. 10 The ideal gas equation of state (as considered in former studies on air-blast loading 2, 6 ) considers only pressure contribution due to thermal vibration a)
Electronic mail: ritwik.ghoshal@gmail.com. of ions and neglects pressure due to lattice configuration which is important for liquids but not for gaseous medium since in a gaseous medium molecules are far apart from one another. In this regard, it should be mentioned that the Tait EOS is also not an ideal candidate for consideration in simulation of shock wave propagation through a medium since it assumes reversibility and also considers a constant lattice configuration pressure, both of these approximations being inappropriate for explosion situations in fluids. Thereby, Mie-Grüniesen EOS (MG-EOS) has been considered in this manuscript.
Based on extensive experimentation, 11 the Hugoniot curve for water was determined for pressure less than 25 GPa. A linear shock-particle velocity relationship was utilized to fit the experimental data. The Hugoniot curve for water was later extended till 80 GPa (Ref. 12 ) and finally to 150 GPa (Ref. 13) through experimentation. It has been reported 12, 14, 15 that shock compression of water may lead to phase transition of liquid water to Ice VII. A linear shockparticle velocity relationship tends to break down at phase transition. 16 Thereby, the shock-particle velocity relationship was established by three distinct linear segments: [17] [18] [19] a liquid region below 2.1-2.3 GPa, a mixture of liquid and Ice VII from 2.1-2.3 GPa to 10.5-12.2 GPa, and another liquid region above 10.5-12.2 GPa. Optical evidence based on refractive index observations was reported to 14, 20 substantiate the theoretical claim by the above researchers on formation of Ice VII at a certain pressure range.
The current manuscript presents a new theory for underwater explosion induced shock loading of submerged rigid plates. The current theory extends Taylor's theory to nonlinear compressible range for underwater submerged rigid plates thereby making the theory applicable for high intensity explosive loading as well as near-field non-contact loading situations. The current theory also removes the assumption of constant pressure at the back of the rigid plate by Taylor and extends it to varying pressure in nonlinear compressible range for an underwater medium. However, similar to assumptions by previous researchers as well as by Taylor the current theory focuses on the dynamic response of the plate as a rigid body and ignores the effects of deformation and stress-wave propagation inside it on the grounds that the time scales involved in the elastic vibrations are typically at least three orders of magnitude smaller than in the coupled fluid-structure dynamics and that the amplitudes are small and do not affect the flow. 21 The effect of cavitation bubble dynamics generated in an underwater explosion event and it's interaction with the structure are beyond the scope of the paper since it has been assumed that the time-scales of shock wave propagation and bubble dynamics are distinctively different. 21 
II. COUPLED PROBLEM STATEMENT
The coupled fluid-structure interaction problem of a shock wave traveling through an underwater nonlinear compressible medium and impinging upon a rigid plate resulting in translation of the plate in the direction of incidence of shock wave has been cast based upon a Lagrangian formulation of Euler equation for a compressible flow. A fluid medium behind the plate has been considered in this formulation and it has been assumed that the pressure rise in this region can also be in the nonlinear compressible regime. MG-EOS has been utilized along with the Rankine-Hugoniot jump (RHJ) conditions to determine a closed form solution to the one-dimensional discontinuous hyperbolic system of partial differential equations. The numerical discretization of the governing equations has been done using a finite difference scheme. 22 The implementation of the shock wave propagation algorithm 23 with artificial viscosity parameters considers appropriate extensions for coupling with the dynamics of the plate as well as nonlinear compressible water medium both on the front and the back sides of the rigid plate. Both the cases of a uniform and exponential shock profiles have been considered in this manuscript.
In uniform shock pressure at any instant of time, pðtÞ never decays with time whereas an exponential profile can be well approximated as
The peak over-pressure (p s ) in MPa and decay time (t i ) in seconds can be related to mass of the charge ðWÞ in kg and stand-off distance ðLÞ in meters given by Cole 24 as
Verification of the numerical algorithm has been done with regards to the closed form solution for nonlinear compressible range as well as with Taylor's and Liu-Young's solution in the acoustic range for constant and varying pressure backed cases, respectively. Based on the results of these analyses, a universal empirical formula for the relative transmitted impulse as a function of the generalized FSI parameter and blast intensity is proposed which matches both asymptotic solutions exactly and is in good agreement with the numerical results in the intermediate range of plate masses. The cavitation inception time for exponential shocks has also been investigated in this research.
A. Analytical formulations
It has been assumed that the loads on the plate are determined purely from hydrodynamic consideration of underwater shock wave propagation and its reflection from a rigid plate which is allowed to propagate unidirectionally in the direction of propagation of the incident wave (thereby essentially rendering the problem as 1D). The medium of propagation in front and back of the plate is assumed to be nonlinear compressible with MG-EOS utilized for its representation.
Considering Lagrangian formulation and thereby choosing the shock fixed coordinates as a reference, the conservation equations for the RHJ condition for the incident and reflected shocks are expressed as
with a schematic diagram shown in Fig. 1 . The region through which the shock has passed is referred to as the upstream region and through which it will pass will be referred to as the downstream region. Subscript 0 represents initial state, 1 represents shocked state, 2 represents reflected state. The term q represents density, u represents particle velocity, p represents pressure, and e represents internal energy. The shock velocities for the incident and the reflected shocks are given as U s and U r , respectively. It has been assumed in the above expressions that the particle velocity downstream of the incident shock and upstream of the reflected shock is zero. It has also been considered that pressure, density, particle velocity, and internal energy of the downstream region of the reflected shock are equal to the above mentioned quantities on the upstream region of the incident shock. MG-EOS with linear U s À u p relationship (Eq. (10)) is utilized
where l is represented as
c 0 represents Grüniesen coefficient, q 0 represents initial density, S 1 represents fitting coefficient in the U s À u p relation, and c 0 represents bulk sound speed. Replacing q 1 ¼ q s and q 2 ¼ q r to be consistent with the notation with incident
As mentioned in the Introduction section, three linear curves were utilized for fitting the U s À u p relations based on particle velocities at different pressure ranges. 17, 19 It should be noted that the parameters chosen satisfied mode I and mode II stability criterion 25 and were utilized both in analytical and numerical simulations. Substitution of energy from EOS equations to the conservation equations results in a cubic polynomial equation for reflected pressure, roots of which yield pressure reflection coefficient ðC R Þ or the ratio of the reflected shock pressure to the incident shock pressure. Low incident pressure results in one of the values of C R as 2, whereas the other two values close to 1. If incident over-pressure was further increased, one of the roots remained positive and greater than 2 whereas the other two roots became complex conjugates. Since there is no physical significance of a reflection coefficient being a complex number and as well as at low over-pressure ranges a value of reflection coefficient equal to 2 has been prescribed by Taylor based on an acoustic medium approach, the value of 2 or higher real numbers were taken as possible feasible roots of C R (plot shown and discussed in Sec. III A).
For extremely heavy plate mass (q p representing density and h p representing thickness of the plate), the situation can be treated as a fixed rigid boundary. The velocity of the plate for heavy plate mass will tend to zero. So, the behavior of constant-back-pressure (CBP) and varying-back-pressure (VBP) plates will be similar in heavy plate mass limit. The impulse transmission per unit area is given as
where t i is the time elapsed since the shock has reached the plate and p r ¼ ðp 2 À p 0 Þ is reflected overpressure. So, for uniform shock loading the impulse transmission reduces to
Whereas if exponential shock loading is considered the incident impulse can be obtained as
Transmitted impulse in case of exponential loading for both CBP and VBP plates can be estimated as
A simple integration technique has been used to evaluate the integral in Eq. (16). The assumption of fixed rigid plate does not hold true for light plates and thereby it is necessary to determine the plate velocity. The motion of the light plate is treated as a surface subjected to a reflected pressure (p r ) at one side and a pressure due to shock wave (generated as a result of movement of the plate) of overpressure p e ¼ 0 for CBP and p e ¼ q 0 U e u p for VBP case. It should be noted that U e is the shock wave velocity at plate back at which particle velocity matches the plate velocity (u p ¼ u e ). The mass and momentum conservation equation can be utilized to determine the plate velocity.
where subscript r represent reflected from the front side of the plate, e represents quantities on the back of the plate, and p represents the plate. The terms q, p, and u mean, respectively, density, pressure, and velocity. The pressure due to shock wave at back of the plate when substituted in the Eq. (17) yields Constant-pressure-backed (CBP) case
Varying-pressure-backed (VBP) case
In case of CBP plate, the reflected density can be obtained by applying Rankine-Hugoniot jump condition between reflected state and shock wave state at plate back. Expressing the reflected quantities in terms of the incident the plate velocity for CBP can be obtained as
So, the relative momentum transfer for light weight plate for the CBP case can be obtained as
where
and
The non-dimensional fluid-structure interaction parameter for constant back pressure case (b a 2 The expression reduces to the acoustic values for low intensity shock, i.e., when
The expression for f a R depends very much on sound speed (c 0 ) of the medium and also on the fitting coefficient (S 1 ) of the MG-EOS. Typically, the value of f a R is less than 1 for different pressure regimes except for regime III where the particle velocity is more than 2.2 km=s which raises question about the validity of consideration of constant plate back pressure when the plate is subjected to such values of incident pressure.
In case of VBP plate, the density on the back side of the plate can be obtained by RHJ condition as
where the velocity of the shock wave behind the plate ðU e Þ can be approximated by a linear shock particle velocity relationship as
Substituting Eqs. (12), (25) , and (26) in Eq. (20) yields a cubic polynomial of plate velocity, given by
The only possible solution for u p will be a real positive root of the polynomial. It has been observed that for shock velocities less than 104 m=s one positive and two negative roots are obtained, whereas for higher plate velocities, one real and two complex conjugate roots are obtained. Considering Eq. (20), the relative momentum transfer in the light plate limit for a VBP case can be obtained as
where f w R can be expressed in terms of incident quantities as
and FSI parameter for VBP plate as
which is analogous to the FSI parameter proposed 5 in acoustic range (b w 0 ¼ 2q 0 c 0 t i =q p h p ). In light plate limit as q p h p ! 0, q e ! q s , and U e ! U s as if no plate is present. At very low shock intensity, the expression reduces to acoustic value, i.e., when p s ! 0 then C R ! 2, f 
B. Numerical simulation
The primary focus of this work is on FSI in non-linear compressible water media. It has been considered that both the mediums front and back of the rigid plate are non-linear compressible in nature. The spatial domain through which the shock wave travels has been divided into equally spaced points, whereas the temporal solution is discretized into variable time steps. Both the cases of uniform and exponential shocks have been considered in the numerical simulations.
Apart from the standard kinematic relations, momentum and energy conservation, an artificial viscosity term was added to MG-EOS with linear U s À u p relationship,
where l ¼0 À 1, Q represents artificial viscous dissipation term required to stabilize the numerical solution. The term Q considered in manuscript consists of a quadratic term 22 and linear term 26 of the deformation rate D. The quadratic term augments the pressure and together acts to prevent zone collapse in time step Dt that is determined by usual CFL stability conditions; whereas the linear term eliminates unphysical oscillations behind the shock front. The deformation rate D is represented as a function of the deformation gradient
Here, x represents deformed whereas X represents undeformed coordinate system. The expression _ F represents temporal derivative of F. The expressions for Q are
where K 1 and K 2 are artificial viscosity coefficients and D is the width of the smeared shock which is approximated as one grid spacing to avoid numerical instabilities, and c is local speed of sound. Typically, the local sound speed is represented as
The motion of the plate is determined by the motion of certain spatial grid points and is computed based on a forward Euler integration scheme. The acceleration of the plate is determined from the pressure difference between the front and back of the plate. In case of CBP, the pressure on back of the plate is taken as constant atmospheric pressure, whereas for the VBP case, the plate back pressure is evaluated as
The initial density of plain water is taken as q 0 ¼ 1000 kg=m 3 , atmospheric pressure as 1:013 bar ¼ 1 atm, and the values for artificial viscosity parameters K 1 and K 2 between 0:1À0:5 and 0:2À1:7, respectively, depending upon shock intensity.
III. RESULTS AND DISCUSSION

A. Validation of numerical scheme
The numerical scheme has been validated against an analytical solution obtained by reflection of uniform shock from a fixed rigid wall. The pressure profile for a uniform shock was modeled by maintaining a constant piston velocity at the left boundary throughout the simulation, i.e., for all time steps. Shock velocity can be obtained from the Hugoniot jump condition as
and initial density of shock-front was obtained from the jump conditions as
A domain of 2:1 m length discretized with 1400 grid points and 0.0015 grid spacing was taken for the simulation. Fixed rigid plate was modeled by maintaining the velocity of the node corresponding to the plate as zero. Fig. 2 
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numerical simulations for two points out of five points. This deviation in results is obtained when the reflected shock crosses the transition region in the analytical scheme, the pressure rise is estimated by the previous Hugoniot; whereas in the numerical scheme, the pressure rise is estimated by the current Hugoniot. Deviations could also be observed at very high pressure ranges in segment III between the analytical and numerical simulations, which can be explained by a phenomenon called wall heating, 27 which forms as a result of artificial viscous dissipation term added in the numerical simulation algorithm, when a fluid under severe shock is brought to rest against a rigid wall in numerical simulations. Fig. 2 also shows the reflection coefficient with different overpressure ratios as shown in the book by Cole, in which Tait EOS was utilized for obtaining the results. Since the Tait EOS shows a constant pressure contribution for the lattice configuration part (which has been discussed in Introduction section earlier) it does not provide good results in high pressure ranges; neither the results by Cole consider changes due to phase change of water.
B. Uniform shock on a free standing plate
In this section, the response of a free standing plate due a uniform shock wave impingement has been studied considering cases of both CBP and VBP conditions for various plate masses and intensities. A hydrostatic pressure corresponding to 1:5 m depth has been considered in the analysis, whereas the domain size taken was same as subsection III-A. Figure 3 shows pressure histories at different positions with respect to the plate for both CBP and VBP cases with peak overpressure as 2 GPa, decay time as 0:45 ms, and impinging on a plate of thickness 0:1 m.
It can be observed from Fig. 3 that for a specific value of incident shock the total pressure for VBP decays faster than that of CBP because the FSI effect is more predominant in case of VBP. The parameter b w s tends to approach 1 faster than b a s for increasing shock intensity or decreasing plate mass thereby causing reduction in time for overpressure to drop instantaneously in case of CBP compared to VBP. Figure 3 also shows that the pressure on the front side of the plate never decays to zero which thereby suggests absence of cavitation for the case of uniform shock loading.
C. Exponential shock on a free standing plate
The shock profile is approximated as an exponential spatial pressure distribution with pressure (p i ) and a decay distance (d i ), which has been chosen as 0:1 m for all shock intensities throughout the manuscript. A domain of 3 m has been discretized with 2000 grid point for the simulation. Incident peak overpressure has been linearly ramped across 20 grid points to nullify viscous over-heating. Numerous simulations have been carried out with different plate masses, intensities, and backing conditions in order to investigate the impulse transmission. In Fig. 4 , a reflected pressure profile for both CBP and VBP is shown for an exponential shock loading with peak overpressure of 0:53 GPa, decay time 0:4 ms impinging on a plate of thickness 0:1 m.
For an exponential shock profile, cavitation reloading (p f ront 0) can be seen for both CBP and VBP. In case of CBP, cavitation in terms of both magnitude and duration is more compared to VBP. The pressure on the plate front side for VBP is reduced by the pressure acting on back side of the plate thereby causing reduction in net total pressure and thereby lower momentum transfer time and lower impulse transmission in comparison to CBP case. It can be observed from Fig. 5 that the velocity as well as displacement of the plate can be greatly reduced for VBP case in comparison to CBP (for same overpressure, decay time, and plate thickness as in Fig. 4 ) thereby increasing the potential for design of lightweight structures for blast mitigation. value), the relative impulse transmission is reduced for high FSI representing light plates (filled or unfilled markers with b 0 ! 1) and slightly increased for low FSI or heavy plates. Relative impulse transmission decreases further for light plates if VBP in nonlinear range is considered; but for heavy plates there is no further increase or reduction in relative impulse transmission for VBP case in comparison to CBP case since the plate velocity tends to zero. Similar to analytical observations, it has also been found that numerical simulations show lower maximum momentum transfer time for VBP case in comparison to CBP case.
D. Cavitation inception: Exponential shock
Cavitation occurs when pressure on the front side of the plate becomes equal to zero. A measure of cavitation inception time is regarded as the time required for pressure on the front side of the plate to reach to zero since shock has reached the plate. It can be observed from Fig. 8 that the simulated cavitation inception time (normalized with respect to decay time) is increased in case of VBP (filled markers) for light plates (represented by b 0 ! 1) at higher shock intensities since development of pressure on back side of the plate results in slower movement of plates for VBP case in comparison to CBP case (filled markers). On the other hand for the CBP case, the cavitation inception time decreases for light plates since light plates can move faster and attain greater velocity in comparison to heavier plates. It should also be noted that cavitation inception time for VBP case does not increase significantly for light plates since in light plate limit velocity of the plate becomes independent of the mass which eventually does not allow further increase in cavitation inception time. However, in the heavy plate limit cavitation inception time for both CBP and VBP is same since influence of pressure rise at the back side of the plate becomes insignificant and the velocity of the plate approaches zero. Numerical model is able to capture cavitation for all plate mass, shock intensity, and backing condition and thereby removes the limitation of b w 0 < 2 as proposed by Liu and Young 5 for VBP in acoustic range. The difference between analytical and numerically simulated results can be explained based on instantaneous plate response for analytical models in comparison to pressure transmission through a spatial grid for numerical simulations.
IV. IMPULSE TRANSMISSION DESIGN CURVES
From the analytical solutions, one can obtain impulse transmission to the plate for the case of very light and heavy plates only; the impulse transmission for intermediate weight plates escapes analytical treatment. However, numerically the impulse transmission can be obtained for plate of any mass. A design curve has thereby been proposed by which impulse transmission can be evaluated reasonably well for intermediate plate masses. The objective of the design curve proposition is to remove expensive and complex numerical computations for any plate mass. It has been ensured that the proposed design curve satisfies the acoustic solution at low intensity of shock and also satisfies light and heavy plate limits for any arbitrary blast intensity. The expression satisfying the above requirements are 
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Uniform shock:
Exponential shock:
It should be noted that
A comparison between the proposed design curve in Eq. (37) and numerical simulations is provided for different plate mass intensities and backing conditions in Fig. 9 which shows excellent agreement for different incident overpressure ranges except for CBP case (unfilled markers) at high pressure range. The reason for this deviation is that at high pressure ranges, the plate velocity is quite significant and thereby the assumption of constant pressure at the back of the plate is invalid. In heavy plate limit (represented by b s f R 0:1 which asymptotically resembles fixed rigid wall case), the velocity of the plate u p ! 0 results in the relative impulse transmission to be same for both CBP and VBP independent of plate mass. In light plate limit, plate velocity becomes independent of plate mass which corresponds to the same slope of the curve shown in Fig. 9 .
In Fig. 10 , the numerically calculated transmitted impulse for exponential shock has been verified with proposed design curve for exponential shock (refer Eq. (38)) in CBP, whereas for VBP it is given in Table I . The plot for VBP was not available since f w R (refer. Eq. (29)) changes for each plate mass due its dependency on plate velocity.
V. CONCLUSIONS
A new theory has been developed for shock wave transmission and fluid-structure interaction of an underwater free standing rigid plate considering the medium as nonlinear compressible. The theory also includes pressure rise in the back of the rigid plate considering a nonlinear compressible medium as well as phase transition of liquid water to Ice VII at high pressure levels. Numerical simulations have also been developed based on the analytical formulations and have been validated asymptotically against existing theories in the acoustic range. The study leads to the definition of a compressible nondimensional FSI parameter for CBP and VBP case. The study concludes that nonlinear compressibility of the underwater medium further enhances the beneficial effects of FSI in reducing impulse transmitted to the structure. It has also been demonstrated that FSI effect is more predominant for VBP case in comparison to CBP case thereby resulting in lower impulse transmission for light plates for different shock intensities. Maximum momentum transfer time was also observed to be lower for the case of VBP in comparison to the CBP case. Cavitation inception time was observed to increase slightly for VBP case and decrease for CBP case with an increase in the FSI parameter. Impulse design transmission curves were developed for uniform and exponential shocks which give good prediction of impulse transmission at intermediate plate masses for different shock intensities without the need to perform computationally expensive numerical investigations.
Practical application of this work can be found in better design of blast resistant structures using sandwich type construction instead of monolithic construction. This work would thereby serve as an extension to the work by Taylor in design of structures subjected to high blast intensities or non-contact near-field blast situations as well as in considering varying pressure rise on the back of the plate instead of considering constant atmospheric pressure. It should be noted that the effect of bubble pulse, which is quite predominant in underwater explosion, and also the coupled effect of bubble pulse and shock wave loading has not been considered in this research based on assumption that the time scales for these two events are significantly different. Another major limitation of the current manuscript is that it does not consider deformable structures. These two issues are outside the scope of the current work and will be addressed in future works. 2 to model air shock has been utilised in his manuscript to model underwater shock. However, there are some differences in this algorithm compared to the implementation by Kambouchev et al. 2 Nonlinear compressible underwater medium has been implemented using MG-EOS instead of ideal gas EOS used in Kambouchev et al.;
2 along with varying pressure on plate back considering nonlinear compressible medium. The spatial and temporal discretization representations along with steps (A1) to (A3), (A5), (A7), (A8) and (A10) to (A12) in Appendix 2 have been taken as same. The updated pressure has been calculated by MG-EOS as p ðnþ
